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Introduction {#ss1}
============

Dendritic cell‐specific intracellular adhesion molecule‐3 (ICAM‐3)‐grabbing nonintegrin (DC‐SIGN, CD209) is a member of the C‐type lectin family, which is mainly expressed on dendritic cells (DCs) \[[1](#b1){ref-type="ref"}, [2](#b2){ref-type="ref"}\]. DC‐SIGN consists of an N‐terminal cytoplasmic tail, a transmembrane domain, an extracellular C‐terminal neck region and a C‐type carbohydrate‐recognition domain (CRD) \[[3](#b3){ref-type="ref"}\]. Characteristic of C‐type lectins with the CRD containing an EPN (Glu‐Pro‐Asn) motif, the receptor recognizes glycans containing terminal nonreducing mannose (Man), *N*‐acetylglucosamine (GlcNAc) and fucose (Fuc) in a Ca^2+^‐dependent manner \[[4](#b4){ref-type="ref"}, [5](#b5){ref-type="ref"}, [6](#b6){ref-type="ref"}\]. There are lines of evidence which indicate that, through this basic specificity, DC‐SIGN recognizes endogenous self, exogenous nonself or tumor‐specific ligands, and mediates various functions in the immune system. In the first line of evidence, DC‐SIGN was found to bind to immune cells in a carbohydrate‐dependent manner. In fact, DC‐SIGN was reported to recognize naïve T cells through ICAM‐3 in a Lewis^X^‐dependent manner, resulting in the initiation of an adaptive immune response \[[2](#b2){ref-type="ref"}, [7](#b7){ref-type="ref"}\]. DC‐SIGN also mediates interactions between DCs and neutrophils through binding to Lewis^X^ of Mac‐1 expressed on neutrophils, and hence regulates DC maturation \[[8](#b8){ref-type="ref"}\]. Second, DC‐SIGN recognizes invading pathogens via pathogen‐specific glycan structures, and acts as a scavenging receptor for them. These pathogens include viruses (HIV, Ebola and dengue), bacteria (*Mycobacterium*, *Neisseria*), fungi (*Candida*, *Aspergillus*) and parasitic protozoa (*Leishmania*, *Schistosoma*) \[[9](#b9){ref-type="ref"}, [10](#b10){ref-type="ref"}, [11](#b11){ref-type="ref"}, [12](#b12){ref-type="ref"}, [13](#b13){ref-type="ref"}, [14](#b14){ref-type="ref"}, [15](#b15){ref-type="ref"}, [16](#b16){ref-type="ref"}, [17](#b17){ref-type="ref"}, [18](#b18){ref-type="ref"}\]. As a contrasting feature, DC‐SIGN has also been reported to function as a target for HIV entry, thus facilitating its infection \[[9](#b9){ref-type="ref"}\]. Third, DC‐SIGN recognizes tumor‐specific glycans. DC‐SIGN has been reported to interact with carcinoembryonic antigen via Lewis structures expressed on colorectal cancer cells, and attenuates DC maturation \[[19](#b19){ref-type="ref"}, [20](#b20){ref-type="ref"}\].

Based on the genomic analysis of chromosome 19p13.3, DC‐SIGN‐related protein (DC‐SIGNR, also known as L‐SIGN and CD209L) has been cloned from human placenta (77% amino‐acid sequence identity to DC‐SIGN) \[[21](#b21){ref-type="ref"}\]. Unlike the broad expression pattern of DC‐SIGN, DC‐SIGNR is exclusively expressed on endothelial cells in lymph‐node sinuses and on liver sinusoidal endothelial cells, but not on myeloid cells \[[22](#b22){ref-type="ref"}\], whereas it showed a similar binding feature to DC‐SIGN (i.e. Man‐ and Fuc‐specificity) \[[4](#b4){ref-type="ref"}, [23](#b23){ref-type="ref"}\]. DC‐SIGNR binds to and takes up exogenous ligands, including viruses (e.g. HIV and Ebola) and parasites (e.g. *Schistosoma*), and mediates HIV dissemination \[[10](#b10){ref-type="ref"}, [22](#b22){ref-type="ref"}, [23](#b23){ref-type="ref"}\]. Similarly to DC‐SIGN, DC‐SIGNR also recognizes endogenous ligands, such as ICAM molecules \[[24](#b24){ref-type="ref"}\], although their glycan epitopes have not been fully characterized.

As a novel member of the DC‐SIGN‐related lectin subfamily, liver and lymph node sinusoidal endothelial cell C‐type lectin (LSECtin) has been found in the DC‐SIGN gene cluster of chromosome 19p13.3 \[[25](#b25){ref-type="ref"}\]. The receptor is specifically expressed on sinusoidal endothelial cells of human liver and lymph node, showing a distribution similar to that of DC‐SIGNR. Recently, however, LSECtin was found to be expressed in macrophages, DCs and Kupffer cells, where the lectin was reported to function as an endocytic receptor \[[26](#b26){ref-type="ref"}, [27](#b27){ref-type="ref"}\]. LSECtin also functions as an attachment factor for viruses, such as Ebola virus, Marburgvirus and severe acute respiratory syndrome coronavirus (SARS CoV), but not for HIV and hepatitis C virus (HCV) \[[26](#b26){ref-type="ref"}, [28](#b28){ref-type="ref"}, [29](#b29){ref-type="ref"}\]. In a more recent paper by Powlesland *et al.*, \[[30](#b30){ref-type="ref"}\] LSECtin was reported to bind to an Ebola virus surface glycoprotein through GlcNAcβ1‐2Man structures. Undoubtedly, the DC‐SIGN‐related lectins mediate diverse functions in extensive immunobiological phenomena via the C‐type CRDs. However, there has been no report on the quantitative analysis of sugar--protein interactions, in terms of affinity constants (*K* ~d~ or *K* ~a~), of DC‐SIGN, DC‐SIGNR and LSECtin.

Previously, we developed an automated frontal affinity chromatography (FAC) system, which allows high‐throughput determination of affinity constants of immobilized lectins to a panel of oligosaccharides \[[31](#b31){ref-type="ref"}, [32](#b32){ref-type="ref"}\]. In the present study we utilized this automated system to provide a detailed quantitative analysis of the binding specificities of DC‐SIGN and its related receptors, DC‐SIGNR and LSECtin to 157 pyridylaminated (PA) glycans, including high‐mannose‐type and agalactosylated complex‐type N‐glycans, and blood‐antigen‐type glycans. The DC‐SIGN‐related lectins were found to exhibit a common specificity to agalactosylated complex‐type N‐glycans, but with different affinity (*K* ~d~). Further analysis by glycoconjugate arrays and cell‐based biological assays using flow cytometry confirmed the observed preferences of the lectins for agalactosylated N‐glycans. The specificity to agalactosylated N‐glycans should help our understanding of the previously unknown mechanism of the functions of the DC‐SIGN‐related lectins.

Results {#ss2}
=======

Quantitative analysis of glycan‐binding specificities of DC‐SIGN‐related lectins by FAC {#ss3}
---------------------------------------------------------------------------------------

To elucidate the mechanism of cellular functions mediated by the DC‐SIGN‐related lectins, it is fundamental to understand the basic aspects of their glycan‐binding specificities. Glycan‐microarray analyses of the DC‐SIGN‐related lectins have been reported \[[4](#b4){ref-type="ref"}, [30](#b30){ref-type="ref"}\], but no quantitative data are available on the binding specificities in terms of *K* ~d~ (or *K* ~a~). Therefore, we analyzed the oligosaccharide‐binding specificities of the DC‐SIGN‐related lectins using the automated FAC system \[[31](#b31){ref-type="ref"}, [32](#b32){ref-type="ref"}\] and 157 PA glycans (Fig. S1). It should be noted, however, that in this study we adopted substantially different conditions of lectin columns in terms of effective ligand content (B~t~) (see below). Under such conditions with very different lectin densities, direct comparison of *K* ~d~/*K* ~a~ values among the three lectins may be inappropriate. Therefore, as a compromise, we used the term 'apparent' affinity, or ~app~ *K* ~a~/~app~ *K* ~d~ (meaning it is restrictive to the given conditions) in relevant contexts throughout this paper.

The C‐type CRDs of DC‐SIGN, DC‐SIGNR and LSECtin were expressed as Fc--protein fusions and were immobilized on N‐hydroxysuccinimide‐activated Sepharose 4FF using amine‐coupling chemistry, according to the standard protocol \[[31](#b31){ref-type="ref"}\]. However, with this immobilization strategy, no substantial binding was observed, even when the Fc--protein fusions were used at a high concentration (8 mg·mL^−1^). We then immobilized the Fc--protein fusions on Protein A--Sepharose via the Fc region, and could finally observe binding activity of the Fc‐fusion proteins to positive oligosaccharides. To identify the effective ligand contents (B~t~ values) of the DC‐SIGN‐, DC‐SIGNR‐ and LSECtin--Fc‐immobilized columns, concentration‐dependence analyses were performed using the following oligosaccharide derivatives: Man~9~GlcNAc~2~‐methotrexate for DC‐SIGN, Manα1‐3Man‐PA for DC‐SIGNR and NGA2‐Fmoc for LSECtin (Fig. S2). As shown in [Fig. 1](#f1){ref-type="fig"}, the B~t~ and ~app~ *K* ~d~ values were 1.72 nmol and 49.4 μ[m]{.smallcaps} for DC‐SIGN, 4.25 nmol and 136.4 μ[m]{.smallcaps} for DC‐SIGNR, and 0.39 nmol and 8 μ[m]{.smallcaps} for LSECtin, respectively.

![ Woolf--Hofstee‐type plots for DC‐SIGN--Fc‐, DC‐SIGNR--Fc‐ and LSECtin--Fc‐immobilized columns. The B~t~ and ~app~ *K* ~d~ values were determined for immobilized DC‐SIGN--Fc (Man~9~GlcNAc~2~‐methotrexate), DC‐SIGNR--Fc (Manα1‐3Man‐PA) and LSECtin--Fc (NGA2‐Fmoc) by concentration‐dependence analysis, and then Woolf--Hofstee‐type plots were generated for each lectin column. The glycan structures used for the analysis are shown in Fig. S2.](FEBS-277-4010-g001){#f1}

The overall binding features of the DC‐SIGN‐related lectin--Fc chimeras are summarized in [Fig. 2](#f2){ref-type="fig"} and Table S1. Apparently, their glycan‐binding properties are different in terms of both apparent affinity and specificity, but they were found to share a common preference for agalactosylated complex‐type N‐glycans (described below). From a global viewpoint, DC‐SIGNR--Fc showed the lowest affinity among the three C‐type lectins, while LSECtin--Fc showed the highest affinity under the present experimental conditions. In terms of specificity, DC‐SIGN--Fc and DC‐SIGNR--Fc apparently exhibited similar profiles for high‐mannose‐type N‐glycans (**004**‐**016**, **913**‐**915**, where Arabic numbers correspond to glycan structures in [Fig. 2](#b2){ref-type="ref"}.) and Fuc‐containing glycans represented by blood‐type antigens (**723**, **726**, **727**, **730**, **731**, **740**, **910**, **932**). Furthermore, both recognized a certain group of agalactosylated complex‐type N‐glycans. By contrast, LSECtin--Fc showed remarkable selectivity towards agalactosylated complex‐type N‐glycans.

![ Quantitative analysis of DC‐SIGN‐related lectin--Fc chimeras by FAC. Bar graph representation of ~app~ *K* ~a~ values of DC‐SIGN--Fc, DC‐SIGNR--Fc and LSECtin--Fc for 157 PA oligosaccharides. Arabic numbers at the bottom of the graphs correspond to the sugar numbers indicated in Fig. S1.](FEBS-277-4010-g002){#f2}

Recognition mechanism of agalactosylated complex‐type N‐glycans by DC‐SIGN‐related lectins {#ss4}
------------------------------------------------------------------------------------------

The detailed specificity to agalactosylated complex‐type N‐glycans were analyzed with the aid of the GRYP code representation described previously ([Fig. 3](#f3){ref-type="fig"}) \[[33](#b33){ref-type="ref"}\]. In this system, branch positions of each complex‐type N‐glycan are numbered from I to VI according to the corresponding mammalian *N*‐acetylglucosaminyltransferases (GnTs), whereas nonreducing end sugars are shown in different colors: Man in white, GlcNAc in blue, galactose (Gal) in yellow and α1‐6Fuc in red. A concise survey sheet presenting a comparison of ~app~ *K* ~d~ values between DC‐SIGN‐related lectins and representative high‐mannose‐type and agalactosylated N‐glycans is shown in [Table 1](#t1){ref-type="table"}.

![ Detailed specificities of DC‐SIGN‐related lectin--Fc chimeras to agalactosylated complex‐type N‐glycans analyzed using the GRYP code representation. (A) Definition of the GRYP code to represent nonreducing end residues and branch positions. Nonreducing end sugars and core Fuc are indicated in different colors, as shown in the left panel. Each branch is numbered from I to VI, corresponding to the GnTs shown in the right panel. (B) Bar graph representation of *K* ~a~ values of the DC‐SIGN‐related lectins to agalactosylated complex‐type N‐glycans. A corresponding GRYP code for each glycan is shown under the bar graph.](FEBS-277-4010-g003){#f3}

###### 

 Comparison of ~app~ *K* ~d~ values, in μ[m]{.smallcaps}, of DC‐SIGN‐related lectins to representative N‐glycans. The values shown in parentheses are the relative affinities compared with 103 (denoted in bold).

![](FEBS-277-4010-g010){#nlm-graphic-7}

While DC‐SIGN did not bind to the trimannosyl core structure (**003**), strong binding was observed for agalactosylated complex‐type N‐glycans up to bi‐antenna (**102**‐**104**, **202**, **203**, **304**, **403**; ~app~ *K* ~d~ \> 55 μ[m]{.smallcaps}), indicating that DC‐SIGN preferentially recognizes agalactosylated complex‐type N‐glycans. However, no binding was observed to highly branched N‐glycans (tri‐, tetra‐, and penta‐antenna, **105**‐**108**, **204**, **205**) or to chitin‐related oligosaccharides (**906**, **907**). In fact, DC‐SIGN gave the highest affinity to **102** (~app~ *K* ~d~, 55 μ[m]{.smallcaps}), where the GlcNAc residue is attached at the GnT‐I position of the trimannosyl core structure. The binding affinity to **102** was similar to that to **014** (55 μ[m]{.smallcaps}), which showed the highest affinity among the high‐mannose‐type N‐glycans tested. By contrast, no detectable binding was observed for its positioning isomer, **101**, containing the GlcNAc residue at the GnT‐II position. Other oligosaccharide structures containing the terminal GlcNAc residue at the GnT‐I position (**202**, 68 μ[m]{.smallcaps}; **103**, 104 μ[m]{.smallcaps}; **304**, 140 μ[m]{.smallcaps}; **403**, 156 μ[m]{.smallcaps}; **203**, 322 μ[m]{.smallcaps}; **104**, 492 μ[m]{.smallcaps}) were also high‐affinity ligands for DC‐SIGN. Binding was abolished by galactosylation of the GlcNAc residue at the GnT‐I position (**302**), indicating that the terminal GlcNAc residue at the GnT‐I position is important for DC‐SIGN binding. Addition of the GlcNAc residue at the GnT‐II position (e.g. **102** versus **103**) resulted in only a moderate inhibitory effect, while the addition of the bisecting GlcNAc at the GnT‐III position greatly reduced the binding to approx. 20% (**104**). Addition of the GlcNAc residue at the GnT‐IV position (**105**) abolished the binding of DC‐SIGN, indicating that highly branched N‐glycans are not ligands for DC‐SIGN. No significant effect was observed for core fucosylation on DC‐SIGN binding (e.g. **103** versus **202**). These results indicate that the presence of the terminal GlcNAc residue at the GnT‐I position is essential for DC‐SIGN binding to agalactosylated complex‐type N‐glycans.

Among agalactosylated complex‐type N‐glycans, DC‐SIGNR--Fc binding was detected for only two structures: bi‐antennary, agalactosylated complex‐type N‐glycans with the GlcNAc residues at both GnT‐I and GnT‐II positions, with (**202**, 944 μ[m]{.smallcaps}) or without (**103**, 964 μ[m]{.smallcaps}) core‐fucosylation. Under the experimental conditions of this study, no binding was detected for **102**, the best ligand for DC‐SIGN. No detectable binding was observed for other mono‐antennary, agalactosylated complex‐type N‐glycans (**101**, **201**), highly branched agalactosylated complex‐type N‐glycans (**105**‐**108**, **204**, **205**) or chito‐oligosaccharides (**906**, **907**). The binding affinities for agalactosylated complex‐type N‐glycans were significantly lower than those for high‐mannose‐type N‐glycans (**005**‐**017**, \> 292 μ[m]{.smallcaps}), unlike the case of DC‐SIGN. Addition of Gal on either GlcNAc residue of **202** or **103** abolished the binding affinity (**304**, **306**, **307**, **403**‐**405**). Addition of the bisecting GlcNAc transferred by GnT‐III (**104**, **203**) also abolished the affinity. These results demonstrate that DC‐SIGNR has broadly similar, but different, specificity from DC‐SIGN towards agalactosylated complex‐type N‐glycans.

LSECtin gave selective affinity for agalactosylated complex‐type N‐glycans, while no binding was observed for high‐mannose‐type N‐glycans. Among agalactosylated complex‐type N‐glycans, LSECtin exhibited binding affinities to mono‐ and bi‐antennary structures (**103**, 23 μ[m]{.smallcaps}; **202**, 28 μ[m]{.smallcaps}; **304**, 38 μ[m]{.smallcaps}; **403**, 48 μ[m]{.smallcaps}; **102**, 49 μ[m]{.smallcaps}), but not to tri‐, tetra‐ and penta‐antennary forms (**105**‐**108**, **204**, **205**), consistent with the results of DC‐SIGN and DC‐SIGNR. Also, the presence of the terminal GlcNAc at the GnT‐I position was essential for LSECtin binding, and addition of the GlcNAc residue transferred by GnT‐IV abolished the binding affinity (**105**, **204**). However, addition of the bisecting GlcNAc (**104**) abolished the binding in the case of LSECtin. The specificity of the DC‐SIGN‐related lectins to agalactosylated complex‐type N‐glycans is summarized as follows: (a) the presence of a terminal GlcNAc at the GnT‐I position is essential, (b) the presence of a GlcNAc residue at the GnT‐IV position abrogates binding (and therefore highly branched agalactosylated complex‐type N‐glycans are not recognized), (c) there is little or no effect of core fucosylation and (d) there is a significant inhibitory effect of the addition of bisecting GlcNAc.

Binding of DC‐SIGN‐related lectins to agalactosylated glycoproteins {#ss5}
-------------------------------------------------------------------

In order to investigate the binding of DC‐SIGN‐related lectins not only to liberated agalactosylated glycans but also to agalactosylated glycoproteins, we performed glycoconjugate microarray analyses \[[34](#b34){ref-type="ref"}\]. Cell‐culture supernatants containing DC‐SIGN--, DC‐SIGNR-- or LSECtin--Fc were pre‐incubated with Cy3‐conjugated anti‐human IgG, and the resulting complexes were applied to the glycoconjugate array, as previously described \[[34](#b34){ref-type="ref"}\]. Culture supernatants derived from parental Chinese hamster ovary (CHO) cells were used as controls. Binding signals were detected using an evanescent‐field fluorescence‐assisted scanner (relevant data only are shown in [Fig. 4A](#f4){ref-type="fig"} and full data are shown in Fig. S3). DC‐SIGN--Fc exhibited substantial binding to agalactosylated α1‐acid glycoprotein (αAGP) and transferrin (TF). The binding of DC‐SIGN--Fc to agalactosylated αAGP and TF is not a result of its specificity to Lewis‐related glycans, because it showed no detectable affinity for their intact (sialylated) and galactosylated forms. These data support the above results, obtained by FAC, that DC‐SIGN--Fc shows specificity to agalactosylated N‐glycans. The binding of DC‐SIGN--Fc was abolished in the presence of 10 m[m]{.smallcaps} EDTA, indicating that the binding occurs via the C‐type CRD. Weak signals on intact, galactosylated and agalactosylated TF are caused by the nonspecific reactivity of anti‐human IgG used as a secondary antibody (Fig. S3).

![ Binding of DC‐SIGN‐related lectin--Fc chimeras to agalactosylated glycoproteins. (A) Culture supernatants derived from CHO cells transfected with vectors expressing DC‐SIGN--Fc, DC‐SIGNR--Fc and LSECtin--Fc were precomplexed with Cy3‐conjugated anti‐human IgG and then applied to each well of slide glasses in the presence or absence of 10 m[m]{.smallcaps} EDTA. Fluorescently labeled proteins were detected using an evanescent‐field fluorescence‐assisted scanner. (B) Carbohydrate‐inhibition assay. Media were pre‐incubated with 50 m[m]{.smallcaps} monosaccharides (Met‐α‐Man, [l]{.smallcaps}‐Fuc and [d]{.smallcaps}‐GlcNAc) before assay.](FEBS-277-4010-g004){#f4}

DC‐SIGNR--Fc showed substantial affinity to a series of agalactosylated glycoproteins, including fetuin, but not to their sialylated (intact) and galactosylated forms. In all cases, the binding of DC‐SIGNR--Fc to these agalactosylated glycoproteins was completely abolished in the presence of 10 m[m]{.smallcaps} EDTA. LSECtin--Fc bound exclusively to a panel of agalactosylated glycoproteins (fetuin, αAGP and TF). The binding was also abrogated in the presence of 10 m[m]{.smallcaps} EDTA. Although these DC‐SIGN‐related lectin--Fc chimeras showed substantial binding to agalactosylated glycoproteins, they showed no detectable affinity to GlcNAc‐containing O‐glycans, such as core 2, 3, 4 and 6, and chitobiose (GlcNAcβ1‐4GlcNAc) (Fig. S3), suggesting that their primary targets are N‐glycans.

To examine whether the binding is carbohydrate‐dependent, we performed inhibition assays using three monosaccharide competitors: Met‐α‐Man, L‐Fuc and D‐GlcNAc ([Fig. 4B](#f4){ref-type="fig"}). Data were expressed as the ratio of fluorescence intensity relative to that obtained for agalactosylated αAGP in the absence of competitors. In the presence of either of these monosaccharide inhibitors, binding of DC‐SIGN‐related lectin--Fc chimeras to agalactosylated αAGP was inhibited. These results indicate that the DC‐SIGN‐related lectin--Fc chimeras bind to glycoproteins containing agalactosylated complex‐type N‐glycans in a C‐type CRD‐dependent manner.

DC‐SIGN‐related lectins bind to agalactosylated glycoproteins expressed on cell surfaces {#ss6}
----------------------------------------------------------------------------------------

To verify binding of the DC‐SIGN‐related lectins to the agalactosylated N‐glycans of glycoproteins expressed on cell surfaces, we next examined their binding to CHO cells and their glycosylation‐deficient mutants, Lec1 and Lec8 cells, by flow cytometry. CHO cells are known to express complex‐, hybrid‐ and high‐mannose‐type N‐glycans, and O‐glycans, such as core 1 \[[35](#b35){ref-type="ref"}\], whereas Lec1, a GnT‐I‐deficient mutant cell line, lacks both complex‐ and hybrid‐type N‐glycans and thus is dominated by high‐mannose‐type N‐glycans \[[36](#b36){ref-type="ref"}\]. Lec8 cells have a deletion mutation in the Golgi uridine diphosphate‐Gal transporter, and thus express much reduced levels of galactosylated glycoconjugates \[[37](#b37){ref-type="ref"}\]. Fc‐fusion protein chimeras were purified, precomplexed with Cy3‐labeled anti‐human IgG, and incubated with the Lec1, Lec8 and CHO cell lines ([Fig. 5A](#f5){ref-type="fig"}). DC‐SIGN--Fc bound strongly to Lec8 cells as well as to Lec1 cells (Fig. S4), but did not bind to parental CHO cells. Similarly, DC‐SIGNR--Fc bound strongly to Lec8 and Lec1 cells, but not to CHO cells. By contrast, LSECtin--Fc bound only to Lec8 cells (and not to Lec1 or CHO cells). In the presence of 20 m[m]{.smallcaps} EDTA, the binding of Fc‐fusion proteins to Lec8 cells was abolished.

![ Binding of DC‐SIGN‐related lectin--Fc chimeras to Lec8 cells. (A) DC‐SIGN--, DC‐SIGNR-- and LSECtin--Fc precomplexed with Cy3‐conjugated anti‐human IgG (20 μg·mL^−1^) were incubated with Lec8 cells (filled histogram). Negative controls represent staining obtained using Cy3‐conjugated anti‐human IgG (dotted line). For the chelating assay, Lec8 cells were incubated with the Fc--fusion protein chimeras in the presence of 20 m[m]{.smallcaps} EDTA (thin line). Parental CHO cells were used as controls. After incubation on ice for 1 h, cells were analyzed by flow cytometry. (B) For the inhibition assay, Lec8 cells (2 × 10^5^) were pre‐incubated with 1 mg·mL^−1^ of PVL (GlcNAc‐binding lectin) on ice for 1 h. MFI, mean fluorescence intensity.](FEBS-277-4010-g005){#f5}

We then performed inhibition tests using a GlcNAc‐binding lectin from *Psathyrella*  *velutina* (PVL). When PVL (1 mg·mL^−1^) was pre‐incubated with Lec8 cells, binding of DC‐SIGN--, DC‐SIGNR-- and LSECtin--Fc was reduced to 30--40% ([Fig. 5B](#f5){ref-type="fig"}). These results, together with FAC and glycoconjugate microarray analysis, indicate that DC‐SIGN--, DC‐SIGNR-- and LSECtin--Fc bind to agalactosylated N‐glycans of glycoproteins displayed on cell surfaces in a Ca^2+^‐dependent manner.

Adhesion of CHO cells, expressing DC‐SIGN‐, DC‐SIGNR‐ and LSECtin, to Lec8 cells {#ss7}
--------------------------------------------------------------------------------

It is known that the DC‐SIGN‐related lectins have the functional ability to mediate cellular adhesion in a carbohydrate‐binding manner. To confirm the cellular interaction of the DC‐SIGN‐related lectins with agalactosylated cells, we performed cell‐adhesion assays using Lec8 cells and lectin‐transfected CHO cells. CHO cell lines stably expressing DC‐SIGN, DC‐SIGNR or LSECtin were generated, and their levels of expression were analyzed with the aid of specific antibodies. Flow cytometric analysis indicated that DC‐SIGN and DC‐SIGNR were apparently overexpressed on the surface of CHO cells, whereas LSECtin was expressed less strongly ([Fig. 6A](#f6){ref-type="fig"}). By contrast, no reactivity was observed for untransfected CHO cells (data not shown).

![ Adhesion of CHO cells expressing DC‐SIGN, DC‐SIGNR and LSECtin to Lec8 cells. (A) CHO cells stably expressing DC‐SIGN, DC‐SIGNR and LSECtin were prepared as described in the Materials and methods. Surface expression of the DC‐SIGN‐related lectins was detected by flow cytometry using monoclonal anti‐DC‐SIGN, monoclonal anti‐DC‐SIGNR and polyclonal anti‐LSECtin, followed by PE‐conjugated anti‐mouse and FITC‐conjugated anti‐goat IgGs, respectively (filled histogram). Isotype‐control antibodies were used as negative controls (dotted histogram). (B) CMRA‐labeled Lec8 cells (5 × 10^4^ cells) were incubated with CHO cells expressing DC‐SIGN, DC‐SIGNR and LSECtin, at 4 °C for the indicated time. (C) CMRA‐labeled Lec8 cells were incubated with parental Flp‐In‐CHO cells and with Flp‐In‐CHO cells expressing DC‐SIGN, DC‐SIGNR and LSECtin in the presence or absence of 2 m[m]{.smallcaps} CaCl~2~ for 30 min at 4 °C. After gentle washing, cell--cell adhesion was determined using a microplate reader.](FEBS-277-4010-g006){#f6}

These transfected cells were incubated in each well of 96‐well plates for 2 days. After washing, the cells were co‐cultured on ice with CMRA‐labeled Lec8 cells (5 × 10^4^). After removal of unbound Lec8 cells by gentle washing, adherent cells were detected directly using a microplate reader. As shown in [Fig. 6B](#f6){ref-type="fig"}, all three transfectants showed increased adhesion to Lec8 cells in a time‐dependent manner. In the absence of 2 m[m]{.smallcaps} CaCl~2~, adhesion of these transfected CHO cells to Lec8 cells was reduced to the level of control CHO cells ([Fig. 6C](#f6){ref-type="fig"}). These results, together with the results of the glycoconjugate microarray, indicate that DC‐SIGN, DC‐SIGNR and LSECtin mediate intercellular interaction with agalactosylated cells via C‐type CRDs in a Ca^2+^‐dependent manner.

DC‐SIGN‐related lectins internalize agalactosylated αAGP into cells {#ss8}
-------------------------------------------------------------------

Previous studies have shown that DC‐SIGN, DC‐SIGNR and LSECtin could internalize exogenous ligands, such as bacterial and viral glycoproteins/glycolipids, into cells. We examined whether agalactosylated glycoproteins are internalized into cells expressing these C‐type lectin receptors. As a model ligand, we chose agalactosylated αAGP, which was recognized by DC‐SIGN‐related lectin--Fc chimeras on a glycoconjugate microarray. αAGP was pretreated with both sialidase and β‐galactosidase, and the resulting agalactosylated αAGP was biotinylated. DC‐SIGN‐, DC‐SIGNR‐ and LSECtin‐expressing CHO cells were then incubated on ice for 1 h with the biotin‐labeled agalactosylated αAGP precomplexed with phycoerythrin (PE)‐conjugated streptavidin (10 μg·mL^−1^), and the temperature was raised to 37 °C to trigger internalization. The internalized fluorescence was detected by flow cytometry. As shown in [Fig. 7A](#f7){ref-type="fig"}, agalactosylated αAGP was found to be internalized into all of the DC‐SIGN‐, DC‐SIGNR‐ and LSECtin‐expressing CHO cells, whereas the internalization was not observed for its intact (extensively sialylated) form. In the absence of CaCl~2~, no internalization was observed. Neither intact nor agalactosylated αAGP were internalized by parental CHO cells. When the transfected cell lines were incubated at 37 °C for prolonged periods of time (up to 120 min), the internalization levels of agalactosylated αAGP were found to increase over the incubation period ([Fig. 7B](#f7){ref-type="fig"}). These results clearly demonstrate that DC‐SIGN‐, DC‐SIGNR‐ and LSECtin‐expressing cells internalize agalactosylated, but not intact, αAGP in a Ca^2+^‐dependent manner.

![ Uptake of agalactosylated αAGP by CHO cells stably expressing DC‐SIGN, DC‐SIGNR and LSECtin. (A) CHO cells stably expressing DC‐SIGN, DC‐SIGNR and LSECtin were incubated with 10 μg·mL^−1^ of biotin‐labeled agalactosylated αAGP (blue line) and its intact form (green line) precomplexed with PE‐conjugated streptavidin on ice for 30 min, and allowed to internalize at 37 °C for 1 h in the presence or absence (orange line) of 2 m[m]{.smallcaps} CaCl~2~. Negative controls represent staining obtained using PE‐conjugated streptavidin (red line). Cells were analyzed by flow cytometry. Parental untransfected CHO cells were used as mock cells. (B) CHO cells expressing DC‐SIGN, DC‐SIGNR and LSECtin cells were internalized at 37 °C for the times shown with 10 μg·mL^−1^ of biotin‐labeled agalactosylated αAGP precomplexed with PE‐conjugated streptavidin.](FEBS-277-4010-g007){#f7}

Adhesion and uptake by cells expressing endogenous DC‐SIGN and LSECtin {#ss9}
----------------------------------------------------------------------

We examined the endocytic and adhesive functions of the DC‐SIGN‐related lectins using cell lines endogenously expressing the receptors: differentiated THP‐1 cells (dTHP‐1 cells), treated with 4β‐phorbol 12‐myristate 13‐acetate expressing DC‐SIGN ([Fig. 8A](#f8){ref-type="fig"}); and HL‐60 cells expressing LSECtin ([Fig. 8B](#f8){ref-type="fig"}).

![ Cell adhesion and uptake by cells expressing endogenous DC‐SIGN and LSECtin. Flow cytometry histograms obtained after immunofluorescence staining of dTHP‐1 (A) and HL‐60 cells (B) with anti‐DC‐SIGN and anti‐LSECtin mAbs followed by labeling with FITC‐ and PE‐conjugated anti‐mouse IgG (black line), respectively. Negative controls represent staining obtained using isotype‐control antibody (dotted). Cells were analyzed by flow cytometry. (C) dTHP‐1 cells were incubated with CMRA‐labeled Lec8 cells (2 × 10^4^ cells). (D) CMRA‐labeled HL‐60 cells (1 × 10^5^ cells) were incubated with Lec8 cells. After incubation at 4 °C for 30 min followed by gentle washing, bound cells were determined by analysis on a microplate reader. dTHP‐1 (E) and HL‐60 cells (F) were incubated with 10 μg·mL^−1^ of FITC‐conjugated agalactosylated αAGP on ice for 30 min, and were allowed to internalize at 37 °C for 2 h. Cells were analyzed by flow cytometry. For analysis in the inhibition assay, these cells were pre‐incubated, at 37 °C for 30 min, with mAbs specific for either DC‐SIGN or LSECtin.](FEBS-277-4010-g008){#f8}

Lec8 cells were incubated with the above dTHP‐1 and HL‐60 cells expressing endogenous DC‐SIGN and LSECtin, respectively, at 4 °C for 30 min. As shown in [Figs. 8C and D](#f8){ref-type="fig"}, dTHP‐1 and HL‐60 cells adhered to Lec8 cells. Cell adhesion was specifically blocked by pretreatment with mAbs specific for DC‐SIGN and LSECtin (by approximately 30% for dTHP‐1 cells and by approximately 70% for HL‐60 cells, respectively).

We next investigated the endocytic activity of DC‐SIGN and LSECtin. Cells were first incubated with fluorescein isothiocyanate (FITC)‐conjugated, agalactosylated αAGP on ice for 30 min, and then warmed to 37 °C for 120 min to trigger internalization. As shown in [Figs 8E and F](#f8){ref-type="fig"}, FITC‐conjugated agalactosylated αAGP was internalized into the dTHP‐1 and HL‐60 cells expressing endogenous DC‐SIGN and LSECtin, respectively. The internalization was inhibited by pretreatment with the blocking mAbs (by approximately 30% for dTHP‐1 cells and by approximately 65% for HL‐60 cells, respectively). These results indicate that endogenous DC‐SIGN and LSECtin expressed on immune‐related cells can mediate both intercellular interaction with agalactosylated cells and internalization of an agalactosylated glycoprotein.

Identification of agalactosylated glycoprotein ligands for DC‐SIGN in human serum {#ss10}
---------------------------------------------------------------------------------

In order to identify agalactosylated glycoprotein ligands for DC‐SIGN, DC‐SIGN--Fc protein‐immobilized gel was incubated with serum and bound proteins were eluted with EDTA. The eluate was resolved by SDS/PAGE and blotted with biotin‐labeled PVL, which is specific for GlcNAc‐containing glycans. As shown in [Fig. 9A](#f9){ref-type="fig"}, three major bands at approximately 160, 75 and 55 kDa were detected, indicating that agalactosylated glycoproteins recognized by DC‐SIGN are indeed present in human serum. No band was detected in the absence of DC‐SIGN--Fc. As shown in [Fig. 9B](#f9){ref-type="fig"}, the three major bands (i.e. 1, of 160 kDa; 2, of 75 kDa; and 4, of 55 kDa) were present on a silver‐stained gel, as well as an extra band (band 3, of 65 kDa), which corresponded to serum albumin, probably as a contaminant. Protein identification by MS revealed that bands 1, 2 and 4 corresponded to α2‐macroglobulin, serotransferrin and IgG heavy chain, respectively ([Table 2](#t2){ref-type="table"}). These results suggest that α2‐macroglobulin, serotransferrin and IgG heavy chain might have agalactosylated bi‐antennary N‐glycans, and thus are candidate molecules for DC‐SIGN ligands in human serum.

![ Identification of agalactosylated ligands for DC‐SIGN in human serum. The DC‐SIGN‐immobilized gel was incubated with human serum at 4 °C overnight. After washing, bound glycoproteins were eluted with EDTA. The eluate was resolved by SDS/PAGE, and was detected by PVL‐blotting (A) and silver‐staining (B).](FEBS-277-4010-g009){#f9}

###### 

 MS identification of serum agalactosylated glycoproteins bound by DC‐SIGN.

  Band   Protein name          Accession no.   Score         Theoretical protein *M* ~r~
  ------ --------------------- --------------- ------------- -----------------------------
  1      α‐2‐macroglobulin     P01023          2.7 × 10^7^   163
  2      Serotransferrin       P02787          2.1 × 10^8^   77
  3      Serum albumin         P02768          5.1 × 10^8^   69
  4      IgG1 chain C‐region   P01857          1.0 × 10^5^   36

Discussion {#ss11}
==========

Through the detailed analysis of DC‐SIGN‐related lectins by quantitative FAC, we identified a common recognition unit for agalactosylated N‐glycans, namely the terminal GlcNAc residue at the GnT‐I position on the trimannosyl core structure. However, each lectin showed distinct affinities to a variety of agalactosylated N‐glycans. We used C‐type CRDs fused with the Fc region of IgG, because the standard procedure, in which lectins are covalently immobilized on N‐hydroxysuccinimide‐activated Sepharose through primary amine groups \[[31](#b31){ref-type="ref"}\], gave insufficient interaction for the DC‐SIGN‐related lectins tested. By contrast, the present procedure, using Fc--chimera conjugates, yielded good results with sufficient availabilities of the immobilized ligands (i.e. 10--60%). However, there is still room for discussion about *K* ~d~/*K* ~a~ values determined in this work, which were basically defined for the disulfide‐linked homodimer of each C‐type CRD fused with an IgG Fc portion. The DC‐SIGN‐related lectins are thought to form relatively large multimers at the cell surface \[[6](#b6){ref-type="ref"}, [30](#b30){ref-type="ref"}\]. In addition, the *K* ~d~ values are highly dependent on the experimental conditions, including temperature (in this work, 25 °C), flow rate (0.125 mL·min^−1^), lectin density (various) and lectin‐immobilization method (Fc chimera). In this study, the lectin densities were considerably different from one another. Hence, the affinity was expressed as 'apparent *K* ~d~/*K* ~a~' throughout this manuscript. Nevertheless, the major conclusion reached in this work was that DC‐SIGN, DC‐SIGNR and LSECtin exhibited common binding affinity to mono‐ and/or bi‐antennary agalactosylated N‐glycans. Although affinity enhancement by multivalent lectin--carbohydrate interaction is well documented, it is assumed that a simple 1 : 1 interaction, rather than multiple interactions, occurs under the FAC conditions used, because the oligosaccharide concentrations used for the analysis were low (2.5--5 n[m]{.smallcaps}). Moreover, accumulated evidence from crystallography suggests that multiple lectin--oligosaccharide interactions, leading to affinity enhancement, does not seem to occur in the cases of DC‐SIGN and DC‐SIGNR and their counterpart glycan ligands (see below).

In the crystallographic analysis of DC‐SIGN with GlcNAc~2~Man~3~ (PDB code, 1k9i) \[[38](#b38){ref-type="ref"}\], the trimannosyl core structure was found to form hydrogen bonds via Ca^2+^‐coordination with Glu347 and Asn349 in an EPN motif, as well as via van der Waals contact with Phe313. The terminal β1‐2GlcNAc residue on the α1‐3Man branch also forms both a hydrogen bond with Asn349 and van der Waals contact with Val351. In the structure of DC‐SIGNR (1k9j) \[[38](#b38){ref-type="ref"}\], Asn361 in the EPN motif and Ser363 (Val351 in DC‐SIGN) makes hydrogen bonds with the terminal β1‐2GlcNAc residue. These observations support the present result that β1‐2GlcNAc at the GnT‐I position is critical for recognition by DC‐SIGN and DC‐SIGNR (Fig. S5). Crystallographic studies also revealed that the terminal β1‐2GlcNAc residue of the α1‐6Man branch forms hydrogen bonds and/or van der Waals contacts (Asn311 and Phe313 of DC‐SIGN; Asn323 and Phe325 of DC‐SIGNR). In the case of LSECtin, for which neither crystallographic analyses nor NMR studies have been reported, we used a modeling structure available from MODBASE published by Pieper *et al.* \[[39](#b39){ref-type="ref"}\] (<http://modbase.compbio.ucsf.edu/modbase-cgi/index.cgi>). Comparison between LSECtin and DC‐SIGN CRDs (1k9i) indicated that the terminal β1‐2GlcNAc residue on the α1‐3Man branch would interact with Trp259, in addition to Ca^2+^‐coordinated hydrogen bonds to the α1‐3Man residue (Fig. S5). Trp259 of LSECtin corresponds to Val351 in DC‐SIGN and to Ser363 in DC‐SIGNR, indicating that Trp259 would be involved in the binding to the terminal β1‐2GlcNAc residue. Phe313 in DC‐SIGN and Phe325 in DC‐SIGNR also correspond to Arg219 in LSECtin, which probably interacts with the β1‐2GlcNAc residue on the α1‐6Man branch. In the present FAC analysis, highly branched agalactosylated N‐glycans were not recognized by the DC‐SIGN‐related lectins, presumably for reasons of steric hindrance. Indeed, there is no structural space to accommodate the terminal β1‐4GlcNAc residue on the α1‐3Man branch according to their reported crystal and modeling structures. The DC‐SIGN‐related lectins are unlikely to accommodate O‐glycans because of steric hindrance caused by the presence of an attached polypeptide.

In addition to agalactosylated N‐glycans, mannosylated glycans are also ligands for DC‐SIGN and DC‐SIGNR ([Fig. 2](#f2){ref-type="fig"}, **004**‐**015**, **913**‐**915**). The characteristic features are (a) DC‐SIGN apparently shows higher affinity to high‐mannose‐type N‐glycans than to DC‐SIGNR, (b) the binding affinities of both DC‐SIGN and DC‐SIGNR are enhanced when the number of αMan structures increases, consistent with previous results \[[4](#b4){ref-type="ref"}\] and (c) DC‐SIGNR shows higher affinity to mannosylated glycans (**913**‐**915**) than to high‐mannose‐type N‐glycans (**005**‐**014**), whereas DC‐SIGN shows the opposite. A significant difference was also observed in the binding affinities of the ligands for Fuc‐containing glycans. An earlier report by Appelmelk *et al.* \[[40](#b40){ref-type="ref"}\] indicated that DC‐SIGN showed strong recognition of a series of Lewis antigen‐immobilized polyacrylamides (i.e. Lewis^a/b/x/y^) when analyzed using an ELISA. Subsequently, Guo *et al.* \[[4](#b4){ref-type="ref"}\] demonstrated different aspects of specificities between DC‐SIGN and DC‐SIGNR CRDs using glycan microarray analyses, and further discussed their binding mechanisms based on crystallographic analyses with lacto‐*N*‐fucopentaose III. They found that the Lewis antigens were high‐affinity ligands for DC‐SIGN, but not for DC‐SIGNR. In fact, DC‐SIGN Val351 is involved in tight van der Waals contact with 2‐OH of Fuc on Lewis^x^ antigen in addition to recognition of 3‐ and 4‐OH in a Ca^2+^‐dependent binding manner (PDB code, 1sl5), whereas DC‐SIGNR Ser363 excludes the contact with 2‐OH of Fuc (1sl6) \[[4](#b4){ref-type="ref"}\]. van Liempt *et al.* \[[23](#b23){ref-type="ref"}\] also supported different binding modes between DC‐SIGN and DC‐SIGNR, regarding Lewis^a/x^ tri‐saccharides, using modeling and docking simulation combined with a mutagenesis study.

Glycan‐binding receptors expressed on animal cells play key roles in endogenous cellular‐adhesion events \[[23](#b23){ref-type="ref"}\]. One the well‐characterized example of this is leukocyte--endothelial cell adhesion mediated by selectins. Like selectins, DC‐SIGN and DC‐SIGNR may also function as adhesion receptors for endogenous cells, such as T cells \[[2](#b2){ref-type="ref"}\], endothelial cells \[[42](#b42){ref-type="ref"}\] and neutrophils \[[8](#b8){ref-type="ref"}\]. Herein, we provided evidence that DC‐SIGN, DC‐SIGNR and LSECtin serve as cellular adhesion receptors for mammalian agalactosylated CHO cells (Lec8 cells). This finding suggests that these DC‐SIGN‐related lectins can mediate cellular adhesion events through recognition of agalactosylated N‐glycoproteins expressed on endogenous cells. Considering the fact that agalactosylated glycoproteins are abundant in mouse brain \[[43](#b43){ref-type="ref"}\], and vessel‐associated DC‐SIGN^+^ cells are present in human brain tissue \[[44](#b44){ref-type="ref"}\], interaction of DC‐SIGN with agalactosylated cells might be involved in cell--cell adhesion events in the brain.

Ligand clearance by specific C‐type lectin receptors has been shown experimentally. Grewal *et al.* \[[45](#b45){ref-type="ref"}\] provided sophisticated evidence that Ashwell receptor (asialoglycoprotein receptors 1 and 2) mediates clearance for asialo‐types of endogenous von Willebrand factor and platelets, and thus modulates homeostasis in blood coagulation. In this article, we demonstrated that agalactosylated αAGP, an acute‐phase serum glycoprotein produced in liver, was internalized in cells expressing DC‐SIGN, DC‐SIGNR and LSECtin. We also identified candidate agalactosylated glycoproteins (α‐2‐macroglobulin, serotransferrin and IgG heavy chain) for DC‐SIGN in human serum. As all of the DC‐SIGN‐related lectins have been found to be expressed in LSECs, they are probably involved in the clearance of agalactosylated glycoproteins in serum.

The cell wall of Gram‐negative bacteria contains lipopolysaccharide (LPS) consisting of three domains: lipid A, core saccharide and O‐antigen. Recently, Steeghs *et al.* \[[18](#b18){ref-type="ref"}\] reported that DC‐SIGN expressed on DCs mediates cell adhesion and internalization of *Neisseria meningitidis* through the recognition of GlcNAc, a repeating unit in the core saccharide region of LPS. Similarly, Zhang *et al.* \[[46](#b46){ref-type="ref"}\] showed that DC‐SIGN on HeLa cells binds to several Gram‐negative bacteria (*Escherichia coli, Salmonella typhimurium, Neisseria gonorrhoeae and Haemophilus ducreyi*) through GlcNAc in the core region of LPS. By contrast, LSECtin has been reported to bind to Ebola virus glycoprotein and SARS virus spike protein in a Ca^2+^‐dependent manner \[[28](#b28){ref-type="ref"}, [29](#b29){ref-type="ref"}\]. Subsequently, Powlesland *et al.* \[[30](#b30){ref-type="ref"}\] suggested the presence of bi‐antennary agalactosylated N‐glycans, as well as high‐mannose‐type N‐glycans, on Ebola virus glycoprotein by MS analysis. Similar, but detailed, data have also been obtained for SARS virus spike protein \[[47](#b47){ref-type="ref"}\]. These findings support the fact that LSECtin binds to these viral glycoproteins in a β1‐2GlcNAc‐binding manner. Consistently, both DC‐SIGN and DC‐SIGNR would act as pathogen‐recognition receptors for Man/GlcNAc‐containing glycans presented in Ebola and SARS viruses \[[10](#b10){ref-type="ref"}, [48](#b48){ref-type="ref"}, [49](#b49){ref-type="ref"}\], illustrating that the three lectins are also involved in interacting with such viruses. In this regard, an EPN motif may function as a bridging player towards nonself (pathogen) and undesired self. Further investigations of natural agalactosylated glycan ligands for these DC‐SIGN‐related lectins remain to be made for understanding their physiological functions.

Materials and methods {#ss12}
=====================

Materials {#ss13}
---------

Mouse monoclonal anti‐DC‐SIGN (clone 120507), mouse monoclonal anti‐DC‐SIGNR (120604), polyclonal goat anti‐LSECtin, and mouse and goat isotype IgGs were purchased from R&D Systems. FITC‐conjugated rabbit anti‐goat IgG, PE‐conjugated goat anti‐mouse IgG, Cy3‐conjugated goat anti‐human IgG and PE‐conjugated streptavidin were purchased from Jackson ImmunoResearch (West Grove, PA, USA). Mouse monoclonal anti‐LSECtin IgG (clone SOTO‐1) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). PVL was purchased from Wako (Osaka, Japan). Human αAGP was purchased from Sigma (Tokyo, Japan). Agalactosylated αAGP was prepared by treatment with *Arthrobacter ureafaciens* sialidase (Roche, Tokyo, Japan) and *Streptococcus* 6646K β‐galactosidase (Seikagaku, Tokyo, Japan). Degalactosylation of αAGP was analyzed using a lectin microarray (Fig. S6) \[[50](#b50){ref-type="ref"}\].

Plasmids {#ss14}
--------

The coding sequences of DC‐SIGN CRD (251‐404 amino acids), DC‐SIGNR CRD (240‐376) and LSECtin CRD (160‐293) were amplified by PCR using specific primer sets (forward and reverse, respectively: 5′‐CGCCTGTGCCACCCCTGTCCCTGGGAATG‐3′ and 5′‐CGCAGGAGGGGGGTTTGGGGTGGCAGGG‐3′ for DC‐SIGN CRD; 5′‐CGCCTGTGCCGCCACTGTCCCAAGGACTG‐3′ and 5′‐TTCGTCTCTGAAGCAGGCTGCGGGCTTTTT‐3′ for DC‐SIGNR CRD; and 5′‐AACTCCTGCGAGCCTTGCCCCACGTC‐3′ and 5′‐GCAGTTGTGCCTTTTCTCACAGATC‐3′ for LSECtin CRD). An amplified fragment was purified and ligated into a pSecTag/FRT/V5‐His vector (Invitrogen, Tokyo, Japan). A gene encoding the Fc region of human IgG was inserted into the vector via *Age*I and *Pme*I sites. Full‐length (FL) cDNAs encoding DC‐SIGN, DC‐SIGNR and LSECtin were amplified by PCR using specific primer sets (forward and reverse, respectively; 5′‐ACCATGAGTGACTCCAAGGAACCAAGACT‐3′ and 5′‐CGCAGGAGGGGGGTTTGGGGTGGCAGGG‐3′ for DC‐SIGN FL; 5′‐ACCATGAGTGACTCCAAGGAACCAAGG‐3′ and 5′‐TTCGTCTCTGAAGCAGGCTGCGGGCTTTTT‐3′ for DC‐SIGNR FL; and 5′‐ATAATGGACACCACAAGGTACAGCAAGTA‐3′ and 5′‐GCAGTTGTGCCTTTTCTCACAGATC‐3′ for LSECtin FL). The derived fragment was ligated into a pcDNA5/FRT/V5‐His vector (Invitrogen).

Cell culture {#ss15}
------------

CHO cells, their glycosylation‐deficient mutants (Lec1 and Lec8 cells) and HL‐60 cells were cultured, at 37 °C and 5% CO~2~, in RPMI 1640 supplemented with 5% fetal bovine serum (Invitrogen), 100 U·mL^−1^ of penicillin and 100 μg·mL^−1^ of streptomycin. For maintenance of Lec8 cells, proline (20 mg·L^−1^) was added to the complete medium. THP‐1 cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 100 U·mL^−1^ penicillin and 100 μg·mL^−1^ streptomycin. To induce differentiation, THP‐1 cells (1 × 10^6^ cells) were treated with 50 ng·mL^−1^ of 4β‐phorbol 12‐myristate 13‐acetate (Sigma). After incubation for 96 h, cells were used for uptake and adhesion experiments. To examine the surface expression of DC‐SIGN on dTHP‐1 cells and of LSECtin on HL‐60 cells, the cells suspended in NaCl/P~i~ (2.7 m[m]{.smallcaps} KCl, 1.5 m[m]{.smallcaps} KH~2~PO~4~, 137 m[m]{.smallcaps} NaCl and 8.1 m[m]{.smallcaps} Na~2~HPO~4~) containing 1% (w/v) BSA (NaCl/P~i~/BSA) were incubated with 10 μg·mL^−1^ of primary antibodies (monoclonal anti‐DC‐SIGN, monoclonal anti‐LSECtin and isotype IgGs) for 30 min on ice. After washing with NaCl/P~i~/BSA, the cells were incubated with 10 μg·mL^−1^ of a secondary antibody (PE‐conjugated anti‐mouse IgG) for 30 min on ice. After washing with NaCl/P~i~/BSA the cells were analyzed using flow cytometry (FACSCantoII; BD Biosciences, San Jose, CA, USA). The data obtained were analyzed using [flowjo]{.smallcaps} software (FlowJo, Ashland, OR, USA).

Construction of stably expressing CHO cell lines {#ss16}
------------------------------------------------

Plasmids were transfected into Flp‐In‐CHO cells (Invitrogen) by Lipofectamine LTX (Invitrogen) in accordance with the manufacturer's procedure. Stably expressing CHO cell clones were selected in Ham's F12 Medium supplemented with 5% fetal bovine serum or 5% low IgG‐fetal bovine serum (Invitrogen), 100 U·mL^−1^ of penicillin, 100 μg·mL^−1^ of streptomycin and 0.5 mg·mL^−1^ of hygromycin B (Invitrogen). To examine the surface expression of DC‐SIGN‐related lectins on CHO cells, 1 × 10^6^ cells in NaCl/P~i~/BSA were incubated with 10 μg·mL^−1^ of primary antibodies (monoclonal anti‐DC‐SIGN, monoclonal anti‐DC‐SIGNR, monoclonal anti‐LSECtin mAb and isotype IgGs) for 30 min on ice. After washing with NaCl/P~i~/BSA, the cells were incubated, for 30 min on ice, with 10 μg·mL^−1^ of appropriate secondary antibodies (FITC‐conjugated anti‐goat or PE‐conjugated anti‐mouse IgGs). After washing with NaCl/P~i~/BSA, the cells were analyzed by flow cytometry.

Preparation of DC‐SIGN‐related lectin‐Fc chimeras {#ss17}
-------------------------------------------------

CHO cells stably expressing DC‐SIGN‐related lectin--Fc chimeras were cultured for 15 days with medium exchanges every 3 days. Collected culture supernatants containing DC‐SIGN‐related lectin--Fc chimeras were purified by affinity chromatography on Protein A--Sepharose (Amersham, Tokyo, Japan), as described previously \[[51](#b51){ref-type="ref"}\].

FAC {#ss18}
---

FAC was performed essentially as described previously \[[31](#b31){ref-type="ref"}, [32](#b32){ref-type="ref"}\]. Briefly, DC‐SIGN‐related lectin--Fc chimeras were coupled to Protein A--Sepharose at a concentration of 12--15 mg·mL^−1^. Flow rate and column temperature were kept at 0.125 mL·min^−1^ and 25 °C, respectively, and an excess volume of each glycan in NaCl/Tris \[10 m[m]{.smallcaps} Tris/HCl, pH 7.4, containing 0.8% (w/v) NaCl\] containing 1 m[m]{.smallcaps} CaCl~2~, was successively injected into the columns. Elution of PA‐labeled glycans (2.5--5 n[m]{.smallcaps}) was monitored using a fluorescence detector (excitation/emission wavelengths: 310/380 nm; see Fig. S1). The elution front relative to that of an appropriate standard oligosaccharide (i.e. V−V~0~) was determined. The ~app~ *K* ~d~ value was obtained from V−V~0~ and B~t~ (effective ligand content of the column), according to the basic equation of FAC, ~app~ *K* ~d~ = B~t~/(V−V~0~) − \[A\]~0~. For concentration‐dependence analysis, varying concentrations (\[A\]~0~) of glycan derivatives (Man~9~GlcNAc~2~‐methotrexate (MTX), lactose‐β‐*p*‐nitrophenyl, Manα1‐3Man‐PA, lactose‐PA and NGA2‐Fmoc, see Fig. S2) were successively injected into the columns, and the elution was monitored by fluorescence (excitation/emission wavelengths: 270/380 nm for PA) and UV detectors (304 nm for methotrexate, 280 nm for *p*‐nitrophenyl and 274 nm for Fmoc), respectively. Woolf--Hofstee‐type plots, (V−V~0~) versus (V−V~0~)\[A\]~0~, were constructed to determine B~t~ and ~app~ *K* ~d~ values from the intercept of the axis and the slope of the fitted curves, respectively.

Glycoconjugate microarray {#ss19}
-------------------------

The glycoconjugate microarray system was generated as described previously \[[34](#b34){ref-type="ref"}\]. The glycan structures of modified glycoproteins were analyzed using a lectin microarray \[[50](#b50){ref-type="ref"}\]. Binding of DC‐SIGN‐related lectin--Fc chimeras to glycoproteins was analyzed using the glycoconjugate microarray system. Briefly, culture supernatants containing DC‐SIGN‐related lectin--Fc chimeras were pre‐incubated with Cy3‐conjugated anti‐human IgG at room temperature for 30 min. The resulting culture supernatants were applied to each well of slide glasses, and incubated at 20 °C overnight. The fluorescence images of the slides were detected using an evanescent‐field fluorescence‐assisted GlycoStation Reader^TM^ (GP Biosciences, Yokohama, Japan). The data obtained were analyzed using the [arraypro]{.smallcaps} Analyzer^TM^ version 4.5 (Media Cybernetics, Bethesda, MD, USA). For the inhibition assay, 10 m[m]{.smallcaps} EDTA or 50 m[m]{.smallcaps} monosaccharides \[methyl‐α‐mannoside (Met‐α‐Man), L‐Fuc and D‐GlcNAc\] were pre‐incubated in the precomplex solutions at room temperature for 30 min.

Binding of DC‐SIGN‐related lectin--Fc chimeras to cells {#ss20}
-------------------------------------------------------

Cells (1 × 10^6^) in TSA buffer \[NaCl/Tris containing 2 m[m]{.smallcaps} CaCl~2~, 2 m[m]{.smallcaps} MgCl~2~ and 0.5% (w/v) BSA\] were incubated with 20 μg·mL^−1^ of DC‐SIGN‐related lectin--Fc chimeras precomplexed with Cy3‐conjugated anti‐human IgG, in the presence or absence of 20 m[m]{.smallcaps} EDTA, for 1 h on ice. After washing with TSA buffer, cells were analyzed by flow cytometry. For use in the inhibition assay, 2 × 10^5^ Lec8 cells were pre‐incubated with 1 mg·mL^−1^ of PVL on ice for 1 h.

Cell adhesion assay {#ss21}
-------------------

Cells (5 × 10^3^) were cultured in 96‐well plates for 2 days at 37 °C. For labeling, cells were incubated for 30 min at 37 °C in RPMI 1640 containing 10 μ[m]{.smallcaps} Cell‐Tracker CMRA (Invitrogen), in accordance with the manufacturer's procedure \[[52](#b52){ref-type="ref"}\]. After washing with NaCl/Tris containing 2 m[m]{.smallcaps} MgCl~2~, with or without 2 m[m]{.smallcaps} CaCl~2~, the CMRA‐labeled cells were added to each well (2--10 × 10^4^ cells per 100 μL), and incubated at 4 °C for the indicated period of time. After removal of nonadherent cells by gravity washing in cold NaCl/Tris containing 2 m[m]{.smallcaps} MgCl~2~, either with or without 2 m[m]{.smallcaps} CaCl~2~, adherent cells were detected using a microplate reader with excitation/emission wavelengths of 548/576 nm (SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA). For blocking studies, dTHP‐1 and HL‐60 cells were pre‐incubated for 30 min at 37 °C with 10 μg·mL^−1^ of mAbs specific for either DC‐SIGN or LSECtin.

Internalization assay {#ss22}
---------------------

Biotin‐conjugated glycoproteins were prepared using N‐hydroxysuccinimide‐PEG4‐biotin (Pierce, Rockford, IL, USA), according to the manufacturer's instructions. Parental Flp‐In‐CHO cells, or Flp‐In‐CHO cells expressing DC‐SIGN, DC‐SIGNR or LSECtin (2 × 10^5^ cells), were cultured in six‐well plates for 2 days at 37 °C. After washing with TSA buffer, either with or without 2 m[m]{.smallcaps} CaCl~2~, the cells were incubated for 30 min on ice with 10 μg·mL^−1^ of biotin‐labeled glycoproteins precomplexed with PE‐conjugated streptavidin followed by incubation at 37 °C for various time‐points up to 120 min. After tryptic digestion, the cells were analyzed by flow cytometry. For assay of internalization with dTHP‐1 and HL‐60 cells, agalactosylated αAGPs were conjugated with FITC (Sigma) according to the manufacturer's instructions. dTHP‐1 and HL‐60 cells were treated for 30 min on ice with 10 μg·mL^−1^ of FITC‐conjugated agalactosylated αAGP in TSA buffer. The cells were then incubated at 37 °C for 2 h. For blocking studies, dTHP‐1 and HL‐60 cells were pre‐incubated for 30 min at 37 °C with 10 μg·mL^−1^ of mAbs specific for either DC‐SIGN or LSECtin.

Lectin blotting {#ss23}
---------------

Human serum was precleared by incubation with Protein A--Sepharose at 4 °C for 3 h. The serum was then incubated with DC‐SIGN--Fc‐immobilized gel at 4 °C overnight. After washing with NaCl/Tris containing 2 m[m]{.smallcaps} CaCl~2~ and 2 m[m]{.smallcaps} MgCl~2~, bound proteins were eluted with NaCl/Tris containing 5 m[m]{.smallcaps} EDTA. The eluate was run on SDS/PAGE and electroblotted onto a polyvinylidene difluoride (PVDF) membrane. After blocking with NaCl/Tris containing Tween 20 (NaCl/Tris‐T), the membrane was incubated with 1 μg·mL^−1^ of biotinylated PVL for 1 h at room temperature. After washing with NaCl/Tris‐T, the membrane was incubated with streptavidin‐conjugated alkaline phosphatase (Promega, Tokyo, Japan) for 30 min at room temperature. After washing with NaCl/Tris‐T, the membrane was visualized with Western Blue‐stabilized substrate for alkaline phosphatase (Promega).

In‐gel digestion with trypsin and MS {#ss24}
------------------------------------

SDS/PAGE gels were silver‐stained, as described previously \[[53](#b53){ref-type="ref"}\]. In‐gel digestion with trypsin (Promega) was performed as described previously \[[54](#b54){ref-type="ref"}\]. The peptide mass was analyzed using an Ultraflex MALDI‐TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). The spectra obtained were analyzed using the [flex]{.smallcaps} Analysis software, version 2.0. Protein identification was performed using the [ms‐fit]{.smallcaps} software, version 5.0.0 (<http://jpsl.ludwig.edu.au/>).
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**Table S1.** app*K* ~d~ values (μM) of the DC‐SIGN‐related lectins for PA‐glycans

**Fig. S1.** Schematic representation of 157 oligosaccharide structures used for FAC analysis.

**Fig. S2.** Structural formulae of Man~9~GlcNAc~2~‐MTX, Manα1‐3Man‐PA and NGA2‐Fmoc.

**Fig. S3.** Glycoconjugate microarray analysis of DC‐SIGN‐related lectin‐Fc chimeras.

**Fig. S4.** Binding of DC‐SIGN‐related lectin‐Fc chimeras to Lec1 cells.

**Fig. S5.** Structural analysis of binding sites of DC‐SIGN‐related lectin CRDs.

**Fig. S6.** Generation of agalactosylated αAGP.
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